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Abstract

Insect pests cause severe damage and yield losses to many agricultural crops globally. The
use of chemical pesticides on agricultural crops is not recommended because of their toxic
effects on the environment and consumers. In addition, pesticide toxicity reduces soil fer-
tility, poisons ground waters, and is hazardous to soil biota. Therefore, applications of
entomopathogenic nematodes (EPNs) and plant growth-promoting rhizobacteria (PGPR)
are an alternative, eco-friendly solution to chemical pesticides and mineral-based fertiliz-
ers to enhance plant health and promote sustainable food security. This review focuses on
the biological and ecological aspects of these organisms while also highlighting the prac-
tical application of molecular communication approaches in developing a novel plant
health product. This insight will support this innovative approach that combines PGPR
and EPNss for sustainable crop production. Several studies have reported positive interac-
tions between nematodes and bacteria. Although the combined presence of both organ-
isms has been shown to promote plant growth, the molecular interactions between them
are still under investigation. Integrating molecular communication studies in the devel-
opment of a new product could help in understanding their relationships and, in turn,
support the combination of these organisms into a single plant health product.

Keywords: biological control; biofertilizer; EPN; PGPR; entomopathogenic nematodes;
plant growth-promoting rhizobacteria; molecular communication; alginate formulation;
crop protection; sustainable crop production

1. Introduction

The increased use of chemical pesticides and mineral fertilizers in agriculture poses
risks to human health, the environment, and soil microbiota. In addition, they disrupt the
balance of the soil ecosystem. We propose the use of entomopathogenic nematodes
(EPNs) and plant growth-promoting rhizobacteria (PGPR) as sustainable alternatives to
chemical pesticides and mineral fertilizers, offering both insect pest control and enhanced
plant growth. EPNs are effective in managing economically important insect pests [1].
Their application, often in combination with other crop protection products, has been well
documented, highlighting their compatibility with a broad range of agricultural
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equipment [1-3]. Similarly, PGPR enhance plant growth by improving nutrient availabil-
ity, stimulating root development, and inducing systemic resistance against pests and dis-
eases [4-6]. PGPR, particularly Pseudomonas spp., have been reported as promising bio-
logical control agents and biofertilizers due to their dual roles in promoting plant growth
and suppressing insect pests. Their interactions with EPNs of the genus Steinernema have
recently been pointed out as a major research area of interest for soil pest management [7].

Several research studies illustrated the compatibility between PGPR and EPNs. Some
Pseudomonas strains have been shown to coexist with nematodes without affecting their
life cycle [8,9]. Other Pseudomonas strains have been found to be associated with nematode
infective juveniles (IJs) [10,11]. This coexistence and association address their potential
role in enhancing host infection and nematode survival. Another study highlighted the
synergistic interaction between P. chlororaphis and S. feltiae, resulting in enhanced efficacy
against the cabbage root fly compared to individual treatments [7]. Although a synergistic
relationship between the biological control agents has been reported, further research is
needed to fully explore the mechanisms underlying this relationship.

A significant challenge in the practical applications of EPNs is their susceptibility to
desiccation, UV radiation, and temperature changes, which severely impact their survival
and infectivity during storage and application. Similarly, maintaining the viability and
functional stability of bacterial inocula is essential for their effectiveness in promoting
plant growth. Therefore, developing a suitable formulation for co-encapsulating EPNs
and PGPR is important to maintain their biological activity during storage and enable
reliable performance upon-application. A research study demonstrated the compatibility
between S. feltiae and P. ogarae, providing evidence to support the feasibility of developing
alginate formulations containing both organisms [12]. Successful colonization of the nem-
atode IJs by the bacteria, both on the EPN cuticle and within their intestines, was demon-
strated, ensuring that P. ogarae remained viable and effectively delivered into the soil. This
indicates that IJs can play a critical role in releasing bacteria from such alginate formula-
tions, with effective distribution in the rhizosphere.

Despite the well-documented benefits of EPNs and PGPR as individual biological
agents, no experimental research has combined these two organisms into a single plant
health product. This raises a significant research gap in the field of sustainable agriculture.
One major challenge in combining the two agents is that the biological and physiological
requirements of the organisms differ, especially in terms of moisture, oxygen, tempera-
ture, and nutrition. These differences make the co-encapsulation methodology challeng-
ing and require intensive effort to optimize methods, ensuring their viability, compatibil-
ity, and efficacy in co-delivery systems. Due to these difficulties, current practices continue
to apply these biological organisms separately, increasing costs, labor, and logistical com-
plexity in agricultural operations. Moreover, comparative genomic studies have revealed
a sequence similarity between the fluorescent insecticidal toxin (fit) gene cluster of Pseu-
domonas spp. and the caterpillar’s floppy (mcf) genes in EPN symbiont bacteria [11,13].
These shared sequences suggest a convergent or parallel evolutionary profile for insect
pathogenesis. However, this molecular similarity has not been explored as a foundation
for developing synergistic biocontrol products or co-formulations that take advantage of
potential functional complementarity between EPNs and PGPR. To the best of our
knowledge, no studies have investigated whether such genetic convergence could en-
hance their cooperative performance in pest control when co-applied. Additionally, very
limited research has investigated the potential to exploit the biofertilizing capabilities of
PGPR to promote plant growth alongside EPNs in a combined application. Furthermore,
there is no research addressing the practical benefits of developing a plant health product
containing nematodes and bacteria that will reduce the number of agricultural applica-
tions. Developing such a product with all these features will represent transformative
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innovation in biological control, offering a multifunctional, cost-effective, and environ-
mentally friendly alternative to chemical inputs.

Molecular communication is a promising interdisciplinary field, with extensive ap-
plications in human research, including targeted drug delivery, disease diagnostics, and
synthetic biology [14]. Its integration into biological control and agricultural research re-
mains extremely limited. Until now, the majority of molecular communication studies
have been developed theoretically, relying on computational simulations with minimal
biological validation [14]. Current research studies have achieved significant progress in
modeling nanoscale communication systems; however, there remains a critical gap in ap-
plying these models to realistic biological settings, especially those involving interactions
between soil organisms. The lack of translation of this research work limits our ability to
understand and optimize interspecies interactions that are essential for effective biological
control. Regarding plant health, nematodes and bacteria are two well-known biocontrol
agents whose natural coexistence and synergistic interaction have been investigated re-
cently without disrupting each other’s core biological functions. This makes them suitable
candidates for studying interspecies molecular communication theoretically by modeling
their interactions and validating their molecular communication pathways in in vitro and
in vivo experimental settings.

The present review aimed to provide a comprehensive overview of the development
of alginate-based formulations that combine EPNs and PGPR as an integrated plant health
product for sustainable pest management and enhanced plant health. This review high-
lighted the use of bioagents in biological control strategies and explored the natural bio-
logical interactions between them. Furthermore, this study evaluated the literature on al-
ginate-based formulation approaches for both organisms, summarizing the encapsulating
principles and bioagent performance upon applications. The genetic similarity between
the insecticidal genes of nematodes and bacteria was introduced, which could serve as a
molecular basis for enhancing the cooperative efficacy in pest control when co-applying
both bioagents. This review also introduced molecular communication research as a mul-
tidisciplinary system adapted from telecommunications and biomedical sciences to model
the signaling interactions between nematodes, bacteria, insects, and plants. We aimed to
introduce molecular communication as an interdisciplinary avenue for exploring interac-
tions between biological organisms, leading to insights into such relationships that can
support the optimization of an EPN-PGPR co-formulation.

2. The Role of Soil Organisms in Sustainable Agriculture

Insects constitute a major threat to the production of vegetables and economically
important crops worldwide. Significant yield losses are caused by larvae that feed on
plant roots, which disrupts nutrient and water uptake, negatively affecting plant growth
and subsequently leading to plant death [15-19]. Biological control agents, particularly
soil-dwelling microorganisms that naturally inhabit the rhizosphere, offer a promising
solution. These soil organisms have several levels of interactions with plants and play
beneficial roles in crop production. Among these, EPNs and PGPR have shown great po-
tential in managing insect pests and enhancing plant disease resistance [2]. EPNs are in-
sect-parasitic nematodes that act as biocontrol agents against many insect pests. Their ef-
fectiveness against major insect pests and safe use make them ideal for integrated pest
management programs [20]. Meanwhile, PGPR contribute to plant health by promoting
root development, enhancing nutrient uptake, and activating the plant immune system.
Plants can recognize these beneficial bacteria and respond by stimulating phytohormones
and defensive metabolic pathways, resulting in induced systemic resistance without com-
promising plant growth or yield [2].
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Enhancing plant health using soil biological agents aligns with several United Na-
tions Sustainable Development Goals (UNSDGs), including Goal 2 (Zero Hunger), by in-
creasing crop production and ensuring food security, Goal 3 (Good Health and Well-be-
ing), by reducing human exposure to hazardous pesticides, and Goal 6 (Clean Water and
Sanitation), by reducing chemical runoff into aquatic systems. Moreover, these practices
support Goal 14 (Life Below Water) and Goal 15 (Life on Land) by conserving biodiversity
and enhancing soil health [21]. Healthy crops foster more nutritious food production and
positively impact public health [22]. By decreasing the use of synthetic pesticides and min-
eral fertilizers, which disrupt soil microbiota and cause environmental damage, soil bio-
logical agents support soil ecosystems. This, in turn, enhances plant resilience and con-
tributes to the development of sustainable agricultural systems that ensure food security
and keep environmental integrity for future generations [23].

2.1. The Use of EPNs in Biological Control

EPNs are a diverse group of biological control agents with a broad host range that
has been reported to infect over 200 insect pests [24,25]. EPNs of the family Steinerne-
matidae have widespread uses as biological control agents for several important below-
and above-ground insect pests [1,26]. The mode of insecticidal action of these nematodes
relies on their symbiotic bacteria of the genus Xenorhabdus, which display high toxicity to
insects and suppress the insect immune response. The non-feeding IJ is the third larval
stage and the only stage able to survive outside the host. These non-feeding IJs carry their
symbiotic bacteria and actively search for suitable insect hosts. They enter the host hemo-
coel through natural openings, such as the mouth, spiracles, and anus, and they can also
penetrate the cuticle [27]. Once the IJs are inside the host, they release the symbiont bac-
teria, which proliferate rapidly, killing the insect within 2448 h [28].

EPNs have exhibited significant activity as biocontrol agents. Nematodes of the fam-
ily Steinernematidae have been considered as one of the best biocontrol agents of cabbage
root fly (Delia radicum). Greenhouse experiments have also shown that nematodes were
able to disrupt larvae before plant infestation [29-31]. More studies have illustrated that
the efficacy of nematodes at specific dosages was promising, and they persisted in the soil
for long periods, which kept the cabbage root fly population below the economic damage
[32,33]. Different species of nematodes, namely, S. feltiae, S. riobrave, S. carpocapsae, S.
rarum, and S. glaseri, were shown to be virulent against the larval stage of fruit flies Bac-
trocera zonata and B. dorsalis under laboratory, greenhouse, and field treatments [20]. In
addition, S. feltine showed a significant reduction in the larval stage of potato cutworm
Agrotis deprivata [34]. According to the review conducted by Hoarao et al. [35], several
Steinernema spp. have been used to control crucifer flea beetle adults in the USA and Japan
in canola [36,37] and oilseed rape fields [38], respectively, and strip flea beetle adults in
canola fields in China [39].

2.2. The Use of PGPR in Biological Control and Sustainable Agriculture

PGPR represent a vast variety of beneficial soil bacteria comprising over 21 genera
and 47 species. Pseudomonas and Bacillus have been widely studied for their role in plant
health [40]. Several PGPR species have shown great success in improving plant growth
and fitness under various environmental conditions. They support plant health in several
ways: improved nutrient absorption, nitrogen fixation, phosphate solubilization, produc-
tion of phytosiderophores, and modulation of phytohormones [4,5,41]. Bacteria can mod-
ify phytohormone levels, in particular, salicylic acid, which is involved in the plant re-
sponse to insects and pathogens by activating plant immune-related signaling pathways.
They additionally secrete antimicrobial compounds and degrading enzymes that enhance
plant defense by inducing systemic resistance (ISR) and, in some cases, induce systemic
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acquired resistance (SAR) [42,43]. Some P. fluorescens strains synthesize the biochemical
compound 2,4-diacetyl phloroglucinol (DAPG), which is directly involved in ISR in plants
[44-54]. These diverse roles make bacteria very beneficial as biofertilizers and biopesti-
cides in sustainable agriculture [41,45,49,54-57]. Moreover, genomic studies have re-
ported their extended ecological versatility, making the bacteria core model organisms for
understanding soil microbial ecology [58].

Several P. fluorescens strains have been studied, including P. fluorescens, P. protegens,
P. chlororaphis, and P. brassicacearum, which colonized plant roots and competed for space
and nutrients with soil-borne pathogens and protected the plants from pathogen attacks
[59,60]. P. fluorescens strains have been reported to produce a range of antibacterial com-
pounds and secondary metabolites, such as hydrogen cyanide (HCN), pyoluteorin,
toxoflavin, orfamide A, DAPG, pyrrolnitrin, toxoflavin, and orfamide A [51,53]. In addi-
tion, they synthesize several enzymes, including chitinases and proteases. All these bio-
active molecules were involved in inhibition or toxic actions against invertebrate pests
[51,53]. P. fluorescens strains have been used as biological control agents against the path-
ogenic wheat fungus Gaeumannomyces graminis var. tritic [61]. As reported in Ramamoor-
thy et al. [50], P. fluorescens strains mediated ISR against several soil-borne pathogens of
the sheath blight disease Rhizoctonia solani, halo blight disease P. syringae pv. Phaseolicola,
and cucumber mosaic virus. Moreover, P. fluorescens strains mediated ISR against lepi-
dopteran insect pests and influenced their growth and all development stages [50].

2.3. Shared Genetic Information Between EPNs and PGPR

Genomic analysis of P. protegens and P. chlororaphis indicated the presence of a ge-
nomic region encoding insecticidal genes, which are correlated with high insect toxicity
involved in suppressing the insect immune response [13,62,63]. This insecticidal toxin,
named fluorescent insecticidal toxin (fit), is expressed from a complex gene cluster located
at the variable regions of the genome, with a substantial presence or absence of polymor-
phism [13,64,65]. Moreover, the fit gene cluster has a specific pattern and is not present in
all Pseudomonas spp. As described, the complex fit gene cluster contains eight genes, which
are fitABCDEFGH; each gene has a major function in insect mortality, toxin export, and
toxic gene regulation. Furthermore, the fitD gene is flanked upstream by the fitABC genes
and downstream by the fitE gene, encoding for components of a type I secretion system.
The fitD gene encodes a high-molecular-weight protein, which is correlated with strong
insecticidal activity. The fitFGH genes regulate toxin production, and the fitF gene is a
sensor histidine kinase-response regulator hybrid, while the fitH gene and the fitG gene
work on activating the insecticidal toxin expression [13,63]. The fit gene cluster has been
found to cause rapid disruption of the insect midgut epithelium and hemocytes through
activation of a BH-3-like apoptosis control domain [13]. Importantly, fit-derived toxins
display high toxicity against insects; however, the detailed molecular mechanisms under-
lying their interaction with insect cells are still under investigation [11,53].

Comparative analysis of the fit complex gene cluster has shown similarity with the
insecticidal gene named makes caterpillars floppy (mcf), produced by the nematode sym-
bionts Photorhabdus and Xenorhabdus (see Figure 1) [13,62,63,66]. Several transposable ele-
ments were found in the fit/mcf gene cluster. A study carried out by Ruffner et al. [13]
identified that the fit gene cluster of P. protegens and P. chlororaphis shares 73% identity
with the caterpillar floppy insecticidal gene mcfl and 67% with the caterpillar floppy in-
secticidal gene mcf2. Investigating the genetic similarity between the insecticidal genes of
those Pseudomonas spp. and the nematode symbiont bacteria could provide more insights
into their molecular interaction between EPNs and PGPR. These findings are highly rele-
vant for future research studies and will advance our understanding of the phylogenetic
relation and evolution among these bioagents [10,11].
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Figure 1. Comparative genomic organization of insecticidal gene clusters presenting the sequence
similarity between mcf motifs in Xenorhabdus spp. and Photorhabdus spp. and fit motifs in Pseudomonas
spp. Conserved regions are indicated with forward arrows in each gene cluster. Similiral first four
forward arrows are showing homologous sequences between them. Vertical two ways blue arrows
indicate regions of sequence similarity between Pseudomonas spp. (fit) and Xenorhabdus spp. (mcf), while

Vertical two ways red arrows represent similarity between Pseudomonas spp. and Photorhabdus spp.

3. EPNs and Their Microbial Interactions

Several beneficial interactions have been discovered in the rhizosphere between soil-
living microorganisms. Studies conducted by Ogier et al. [10] and Aujoulat et al. [67] re-
ported the presence of Frequently Associated Microbiota (FAM) associated with nema-
todes and their core symbiont bacteria. The presence of FAM within nematode IJs can be
attributed to their development, which occurs inside the insect host. As the IJs emerge
from the insect cadaver, they have already been in contact with FAM before subsequently
infecting a new host. FAM include PGPR, which are noncore bacteria isolated from nem-
atode bodies. Molecular studies have revealed that PGPR play an important role in the
parasitic lifecycle and the virulence of nematodes by producing antibacterial compounds
involved in insect mortality [10,67]. For example, the genome of P. fluorescens strains har-
bors a virulence gene, which plays an essential role in suppressing the insect immune
system [53,68]. A study carried out by Flury et al. [68] further demonstrated that certain
PGPR groups can switch their lifestyle role to be either plant growth promoters or insec-
ticides, adapting to their environment and modulating the secretion of antimicrobial com-
pounds accordingly [63,66,69,70]. Furthermore, Ochrobactrum spp. showed the ability to
tolerate insecticidal toxic compounds produced by the nematode symbiont Photorhabdus
luminescens [67]. A unique interaction has also been observed between the nematode sym-
biont P. [uminescens and microbes inhabiting plant roots, indicating potential rhizosphere
adaptation and relationships with PGPR [71,72]. Researchers are still investigating how
these symbiotic bacteria adapt in the rhizosphere and their relationship with PGPR.

Recent studies have confirmed the presence of P. fluorescens and P. protegens within
nematode IJs [10,11], highlighting compatibility without affecting the nematode’s life cy-
cle or virulence. These bacteria are expected to play a role in host infection and nematode
survival. Co-application of Pseudomonas spp. with nematodes has demonstrated synergis-
tic effects and significantly increased insect mortality while maintaining nematode viabil-
ity and infectivity [9,73]. Importantly, both S. feltiae SB 12 (1) and P. ogarae F113 gfp have
shown a positive interaction under laboratory and greenhouse experiments, with no neg-
ative impact on the nematode survival, behavior, virulence, or bacterial root colonization
[12]. Laboratory and greenhouse experiments revealed a positive interaction between
these organisms, and a synergistic relationship was reported by the study. The bacteria
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successfully colonized the nematode IJs and retained their ability to infect and kill Galleria
mellonella. The bacteria were re-isolated from infected insect cadavers, confirming their
persistence and involvement in the infection process. These results highlight the highly
compatible and synergistic relationship between PGPR, nematodes, and their symbiotic
bacteria, providing new insights into their ecological interactions and assisting future re-
search into the molecular mechanisms that govern them.

Biological Interaction Between EPNs and PGPR

Soil is a dynamic environment where intricate communication networks occur be-
tween soil microbiomes. These interactions are mediated by biochemical molecules, which
play an essential role in coordinating several functions, including root colonization, plant
immune responses, and synergistic relationships [74,75]. Nematodes and bacteria interact
with each other and with their hosts through the secretion of low-molecular-weight com-
pounds, such as peptides, amino acids, volatile organic compounds, and phytohormones.
These biomolecules activate signaling pathways that trigger extracellular and intracellular
responses, promoting beneficial relationships that enhance plant health, improve nutrient
uptake, and contribute to pest control [76].

According to Zwyssig et al. [9], a dynamic ecological relationship exists between P.
protegens, S. feltiae, and its symbiont X. bovienii. This relationship is shaped by a synergistic
and cooperative process that contributes to the successful infection and killing of the tar-
get insect. Both P. protegens and X. bovienii were found in insect hemolymph without any
negative effects on the bacterial infection process or the virulence of the nematode. A mu-
tualistic relationship occurs when P. protegens is able to access the insect body through the
entry point created by the nematode during infection. Moreover, the presence of P. prote-
gens and S. feltiae, along with their symbiont X. bovienii, within the insect body does not
interfere with their natural lifestyle or infectivity with each other. These findings high-
lighted that the microbial interactions are highly dynamic depending on the nature of
their relationship and the surrounding environmental conditions. While potential antag-
onistic interactions were expected in the study due to the production of antimicrobials by
P. protegens, there was no evidence of substantial negative effects on the infectivity of the
nematode. Although the in vitro experiments reported the ability of P. protegens to secrete
antimicrobial compounds, such as DAPG and pyoluteorin, the in vivo experiments re-
vealed that the activity of these compounds was either insufficient or did not impact nem-
atode infectivity. This difference between in vitro and in vivo results could reflect the
downregulation of antimicrobial biosynthesis genes in P. protegens upon interacting with
the nematode and its symbiont bacteria. Similar results were observed in previous tran-
scriptomic studies, highlighting the limited production of antimicrobial compounds un-
der in vivo conditions [63]. These findings strongly support rejecting the hypothesis of
antagonism between nematodes and bacteria, suggesting that both organisms can coexist
within the same medium without compromising each other’s ecological fitness.

A study carried out by Spescha et al. [7] presented a synergistic relationship among
Metarhizium brunneum, P. chlororaphis, S. feltiae, and its symbiont bacteria, X. bovienii, for
the management of D. radicum. In the study, the biocontrol agents were able to co-infect
the insect host without showing antagonistic effects among each other. The compatibility
among the three bioagents enabled them to colonize and establish in the insect simultane-
ously. M. brunneum facilitated initiating the infection by degrading the insect cuticle,
thereby assisting the entry of the nematodes and the bacteria, while P. chlororaphis tended
to dominate in the later stage of the infection process due to its strong antimicrobial prop-
erties. This finding highlighted that early colonization by fungi and nematodes created a
favorable condition for bacterial expansion. Although the direct molecular interaction
among the biological control agents was not investigated, the indirect interaction that
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occurred via the host-mediated signals, such as host physiological changes or tissue break-
down induced by one bioagent, enhanced the performance of the other. The coexistence
of the three bioagents inside the insect host, without them affecting each other’s virulence,
indicates effective ecological compatibility; each bioagent uses different resources or
niches, thereby preventing direct competition.

By monitoring the behavior of the biological agents in greenhouse and field experi-
ments, the authors reported that the nematodes and bacteria were able to colonize the
rhizosphere without impacting their activity [7]. Although P. chlororaphis is known to se-
crete antimicrobial compounds that can inhibit bacterial growth, no harmful interaction
was observed between P. chlororaphis and the nematode symbiont bacteria X. bovienii. The
absence of negative interaction could be attributed to the altered metabolic activity of P.
chlororaphis in a complex environment and reduced synthesis of antimicrobial compounds,
which were insufficient to impact the activity of the symbiont bacteria X. bovienii, or the
symbiont bacteria could have adopted resistance mechanisms against P. chlororaphis.

4. Molecular Communication Approaches

Enabled by the advance of synthetic biology, engineers are exploring the natural ex-
change in molecules at the micro/nanoscale using communications concepts, an approach
named molecular communication, to investigate the biochemical status of cells (prokary-
otic and eukaryotic) and to propose biotechnological applications for agricultural and
health industries, such as the design of pollutant biosensors and a photosynthesis modu-
lator [77-79]. In the early days of molecular communication, the designed models were
based on the classical Shannon’s communications model, which includes a transmitter, a
propagation channel, a noise source, and a receiver, and these initial models enabled en-
gineers to understand the challenges and opportunities for the development of commu-
nications systems at the micro/nanoscale [78]. For a molecular communication system, the
transmitter is a natural/artificial cell that generates biochemical signals, representing the
encoded information, to be propagated through a communication channel, often modeled
as a diffusive medium. The noise source can represent the displacement of molecules
while diffusing, the excess of biochemical signals in the propagating medium, or any effect
that disrupts the effective reception of the transmitted molecular information by the re-
ceiver, which can be a similar or different species of the transmitter [14,80]. The receiver
reacts biochemically based on the received information molecules [78]. Currently, these
models have been further explored and expanded, resulting in novel methods to simulate
and assess the communication performance in terms of molecular concentration arriving
at the receiver or based on the receiver’s detection accuracy [77]. These metrics form an
engineering approach to measure the expected impact of molecular bioavailability on nat-
ural/artificial systems when they are performing tasks and interacting with other systems.

Natural communication signaling of living organisms is one of the main research in-
terests in molecular communications [80]. For example, a biocompatibility communica-
tion system was developed to study bacterial and viral communication based on cell pro-
gramming, which resulted in a viral attenuator that traps the Ebola virus from human
blood [77]. For the application, synthetic biology and molecular communications were
combined to develop a microfluidic device that exploits the chemical binding force be-
tween the Ebola virus and the engineered bacteria Escherichia coli. The authors demon-
strated, through simulations, that the genetically engineered bacteria E. coli is able to bind
virus particles in its cell membrane. Another example of modeling the natural signaling
between organisms using molecular communications is the characterization of plant pher-
omone exchange. In this case, the authors of one study formulated an analytical model to
describe all the stages of the communication process when plants exchange pheromones
and evaluated the performance of their model based on variable parameters (e.g., wind
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speed, diffusion constants, and distance) [81]. Similar principles can be applied to inves-
tigate the natural communication signaling between nematodes, bacteria, and hosts. In
this context, a few communication models can be designed to represent the interactions
that exist in EPN-PGPR systems. For example, an end-to-end communications system can
be designed to model cooperative/competitive interactions between nematodes and bac-
teria, such as the ones described in Section Biological Interaction Between EPNs and
PGPR. In this case, each organism can be represented as a transceiver (i.e., transmitter and
receiver), the low-molecular-weight compounds are the information signal, and the envi-
ronment where they are placed becomes the propagation channel (see Figure 2a). For this
communications model, metrics, such as throughput (molecular concentration received
over a period), the bit-error rate (ratio between the received noise and received infor-
mation signal), and mutual information (measure of the receiver response based on the
transmitted information signal), would be applied to analyze the system’s performance
(see Figure 2b). Furthermore, agent-based simulations could be performed to optimize the
interaction and indicate possible avenues for enhancing/reducing the impact of the infor-
mation signal’s exchange [82].

120

EPN

= Propagation

Transceiver T Channel

Biological \

Medium

Transceiver .0

PGPR ] 1
Response (0 = None, 1 = Active)

(a) (b)

Stimulus Pattern

Figure 2. Molecular communication model and analysis of an EPN-PGPR interaction. (a) The pro-
posed model is an end-to-end communications system, where the information signal leaves the
EPNs and reaches the PGPR for processing and inducing changes in their behavior. (b) Mutual in-
formation analysis of the information signal received by the PGPR, considering a random emission
of an information signal (with equal probabilities of sending “0” or “1”) by three transmitters (EPNs)
toward one receiver (PGPR). It can be noted that the likelihood of responding to stimuli increases

with the number of transmitting EPNs. No noise was applied in this case.

Another communications model can be drawn from EPN-PGPR interactions to pro-
mote plant health when considering their influence on each other. In this case, a coherent
feed-forward feedback loop (CFFL) network can be built using four actors: EPN (Node
A), PGPR (Node B), plant (Node C), and insect (Node D). A CFFL network is also used to
represent regulatory motifs where an upstream signal affects a downstream target
through two parallel pathways. A direct path and an indirect path are connected by an
intermediate node [83]. This two-pathway setup allows for signal processing by filtering
out transient noise and establishing biological responses that are triggered in the presence
of sustained input signals only. These characteristics make CFFLs a suitable approach in
analyzing direct and indirect communication pathways between nematodes, bacteria, in-
sects, and plants. In this network of nematodes, bacteria, insects, and plants, each biolog-
ical component functions as a node, transmitting and receiving biochemical signals such
as peptides, amino acids, and volatile organic compounds that coordinate their interac-
tions and natural behaviors within the rhizosphere [84]. For example, plants can directly
activate defensive signaling pathways in response to insect attacks while indirectly en-
hancing nematode and bacteria attraction by secreting volatile compounds [52,85]. A basic
CFFL network in which the interactions between nodes affect the performance of the
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system responses can be seen in Figure 3. Furthermore, by defining the weights based on
the molecular exchange between the nodes, metrics such as PageRank (PR), Betweenness
Centrality (BC), and Katz Centrality (KC) can be used to identify which node has higher
influence on the whole network [86]. Also, by assuming that one of the nodes starts the
communication process in this network, the consequent node activations (after receiving
the information signal) are observed and used to evaluate the impact caused by the signal
propagation within the network. Employing CFFL-based modeling on this natural molec-
ular communication network can be a valuable tool for analyzing signal propagation,
noise reduction, and how each component behaves as part of a complex biological net-
work [87]. Nevertheless, please note that both molecular communication models repre-
sent novel ways to study complex biological networks, such as the one required to pro-
mote plant health.

Insect
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Figure 3. Molecular communication representation and analysis of a four-actor network: EPN,
PGPR, plant, and insect. (a) For this example, the weight of the A to B interaction is considered twice
that of the rest of the interactions. In this case, most of the information flow occurs in nodes A and
C (high BC value), PageRank shows a greater importance of node D to the whole network, and
nodes B and D show a relative degree of influence on the network (KC value). This can help to
identify the impacts that a network can suffer when modifying the node behaviors. (b) Representa-
tion of the information signal propagation in this network, assuming that an information signal is
propagated from node A. This metric can help identify the impact of possible delays (affecting the
timing of node activation) and information signal attenuation (reducing its strength) on this CFFL

network’s molecular exchange.

5. Alginate-Based Formulations

Applying an alginate-based formulation means covering biological agents with a bi-
opolymer layer that protects them against adverse conditions, such as desiccation, UV radi-
ation, and temperature fluctuations, which significantly enhances their field efficacy [88-
90]. Alginate is a linear polysaccharide of D-mannuronic and L-guluronic acids that is pre-
sent in brown algae. The polysaccharide is most used in the encapsulation of nematodes and
bacteria due to its unique properties, non-toxicity, biocompatibility, biodegradability, and
water solubility [91-93]. These characteristics provide a protective environment that miti-
gates unfavorable conditions by maintaining hydration and shielding biological organisms
from environmental stresses [49,93-97]. The alginate formulations are ideal for immobiliz-
ing biological agents and maintaining their viability and infectivity during storage and
transport until field application [98-100]. In addition, when supplemented with additives
or nanoparticles, alginate matrices show improved structural integrity without any negative
impact on the encapsulated agents [101,102]. Furthermore, encapsulation in the alginate ma-
trix allows for controlled and gradual release into the soil, enabling sustained interactions
with the target plant or insect host. This method supports the long-term effectiveness of
bioagents and is well aligned with environmentally sustainable agriculture goals [103]. The
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use of alginate-based formulation is suitable for all types of agricultural equipment, allow-
ing ease of application and flexibility. Considering these advantages, further development
of an alginate formulation that combines biological agents within a single delivery system
represents a reliable approach for future studies.

5.1. Alginate Formulation of EPNs

Some research studies have used alginate capsules in the encapsulation process of
nematodes for the management of soil insect pests. A study conducted by Keya and Nel-
sen [104] was the first to utilize a capsule formulation of nematodes by adding an alginate
solution containing nematode IJs into a calcium chloride solution. The encapsulation re-
sults were not promising because of unsuitable environmental conditions. Further im-
provements in encapsulation methods have been achieved to overcome the limitation of
application conditions and to improve handling and enhance the shelf-life period. Several
studies reported the efficacy of encapsulated nematodes in the management of under-
ground insect pests. Calcium alginate capsules containing Heterorhabditis bacteriophora
have been shown to protect maize against the western corn rootworm Diabrotica virgifera
using a Trojan horse strategy. In the field and greenhouse experiments conducted by Hilt-
pold et al. [105], encapsulated H. bacteriophora nematodes successfully survived within the
calcium alginate matrix and were able to emerge from the capsules under soil application.
These encapsulated nematodes infected and killed the larvae. The study demonstrated
that the capsule formulation contained attractants (root volatiles and COz) and a
phagostimulant (corn root powder) that enhanced larvae attraction to the capsules. Cap-
sules buried close to the maize roots showed less root damage and protected the plant
roots compared to controls. The authors noted that H. bacteriophora 1Js escaped from the
alginate capsules after a few days of storage at room temperature: To prevent the nema-
tode IJs from escaping from the alginate capsules during storage, the authors optimized
the encapsulation process by reducing the gelling reaction temperature to 4°C and increas-
ing the calcium chloride concentration used for cross-linking. These formulation adjust-
ments resulted in the generation of more rigid and stable calcium alginate capsules. The
produced capsules effectively maintained H. bacteriophora IJs without escape during stor-
age for up to two weeks. The study highlighted that the improved capsule solidness and
low temperature restricted IJ] movement and metabolic activity. As a result, the shelf life
of the encapsulated IJs increased while maintaining their viability and infectivity [106].
Further efforts have been made to improve the desiccation and UV tolerance of the algi-
nate formulation used for encapsulating nematode IJs. In the study by Kim et al. [98], an
optimized alginate formulation was developed using calcium alginate hydrogel beads
containing H. bacteriophora. The alginate formula included 18% glycerol, which served as
a hydrophilic additive to reduce water loss and the metabolic activity of the IJs, allowing
them to preserve their viability and energy until application time. In addition, the capsules
were developed to enhance mechanical strength and reduce UV damage. Field experi-
ments demonstrated that this improved formulation significantly reduced root damage
caused by Dia. virgifera in maize. The encapsulated nematodes remained viable for ex-
tended periods under storage at room temperature in the dark.

Laboratory experiments have been carried out to evaluate the efficacy of calcium al-
ginate capsules containing H. bacteriophora in managing the banded cucumber beetle, Dia.
balteata LeConte, in maize [107]. In the study, the encapsulated nematodes were intro-
duced to the soil either simultaneously with or one week after the addition of Dia. balteata
larvae to maize plants. The results showed that the application time significantly deter-
mined the final outcomes. When the encapsulated nematodes were applied one week after
larvae infestation, the nematode treatment was ineffective: the plants had significant root
damage, and a reduction in plant growth was observed. In contrast, when the
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encapsulated nematodes were applied simultaneously with the larvae, the larvae’s mor-
tality increased, a significant reduction in root damage was observed, and enhanced plant
performance was noted. These results highlight the importance of a synchronized appli-
cation time for achieving effective pest control with encapsulated nematodes.

5.2. Alginate-Based Formulation of PGPR

An alginate-based bead formulation has been employed to encapsulate bacteria for
several purposes. Encapsulated bacteria have been used to promote plant growth, as bio-
fertilizers, and as biological control agents against plant pathogens and insect pest infec-
tions. Many research studies have been carried out on encapsulating P. fluorescens strains
to manage plant pathogens; however, the use of alginate-based bacterial formulations for
controlling insect pests is rarely reported. In one study, P. fluorescens strains were applied
to wheat cultivated in non-sterile loamy sand soil [108]. The study demonstrated how
bacterial cells were encapsulated in calcium alginate beads and applied to the rhizosphere
of wheat plants grown in unsterilized loamy sand under controlled soil environments.
One week after application, a significant population of viable P. fluorescens cells was de-
tected on the plant root surfaces, showing successful release from the alginate beads and
enabling efficient colonization of the rhizosphere. The study also highlighted that the en-
capsulated bacteria showed high rhizosphere competence, verifying the potential of the
alginate formulation to support bacterial persistence and root colonization under green-
house conditions. An in vitro study was conducted to determine the biological control ca-
pabilities of P. fluorescens F113 LacZY encapsulated in dry alginate microbeads for man-
aging the soil-borne pathogens Pythium ultimum and R. solani in sugar beet [109]. Accord-
ing to the study, the encapsulated bacteria displayed high survival rates within the algi-
nate formulation and retained their metabolic activity after rehydration. Following appli-
cation, P. fluorescens F113 LacZY successfully colonized the root surfaces and significantly
reduced fungal infections. The study highlighted that alginate microbeads could be used
as a viable alginate formulation for introducing beneficial microorganisms into the soil.
An alginate-based bead formulation was developed for coating crisphead lettuce seeds
with P. aeruginosa LY-11 for the biological control of damping-off and bottom rot diseases
caused by R. solani. In a study carried out by Heo et al. [110], lettuce seeds were coated
with a calcium alginate solution formulated with P. aeruginosa LY-11 and subsequently
dried before sowing. The results showed that the encapsulated bacteria maintained their
viability and were released into the soil upon seed germination. Additionally, the bacteria
successfully colonized the lettuce roots and significantly limited the disease incidence.
Furthermore, the bacteria were able to induce systemic resistance in the lettuce plants,
protecting them from bottom rot disease.

Microbeads were developed for encapsulating two strains of P. fluorescens (VUPF5
and T17-4) to control wilt disease in potatoes caused by Fusarium solani. According to Pour
et al. [101], both P. fluorescens strains were encapsulated using a mixture of alginate and
gelatin, enhanced with chitin and silicon dioxide nanoparticles to improve bead integrity
and bacterial viability. The developed formulation contained the bacteria, which were ap-
plied to the soil under controlled greenhouse conditions. The study reported that the P.
fluorescens strains significantly reduced disease severity and protected potato cultivation
from F. solani infection. In addition, a significant increase in potato growth indicators, in-
cluding fresh and dry weight, root length, shoot length, and root density, was observed.

Another study investigated the integration of alginate-based encapsulation with
functional nanoparticles for enhancing rice seedling growth and disease resistance. In the
study, Pseudomonas sp. DN18 was encapsulated in an alginate medium supplemented
with nanoparticles of salicylic acid and zinc oxide. The authors reported that the addition
of these nanoparticles improved the structural integrity and stability of the microbeads,
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showed a synergistic antimicrobial effect, and enhanced plant growth. Field experiments
showed promising results in suppressing the seedling blight pathogen Sclerotium rolfsii.
Additionally, the treatment enhanced overall plant health [102]. In vitro and in vivo bioas-
says have been carried out to evaluate the storage stability, delivery efficiency, and biore-
mediation capability of P. fluorescens F113 encapsulated in alginate beads in soil contami-
nated with polychlorinated biphenyls (PCBs). A study by Power et al. [111] presented
genetically modified strains of P. fluorescens F113 that were engineered for use in PCB
degradation and biosensing. The bacteria were successfully encapsulated in calcium algi-
nate micro-alginate beads and maintained their viability for up to six weeks at 4 °C. Upon
application to contaminated soil, the encapsulated P. fluorescens F113 retained their deg-
radative and biosensor activities, allowing them to detect and break down PCBs. The de-
veloped alginate formulation allowed for controlled release and localized containment of
the bacteria, reducing environmental remediation.

6. Current Challenges, Research Barriers, and Future Directions

Although the promising potential of nematodes and bacteria as sustainable bioagents
for pest control and plant enhancement exists, major challenges and research gaps limit
their combination in a single product for use in practical agricultural systems. The critical
challenge is the biological differences that arise from the distinct physiological require-
ments of both organisms. These include differences in moisture, oxygen, nutrients, and
temperature tolerance, which require more effort in developing suitable co-formulations.
The developed co-formulation should facilitate handling of the bioagents and support an
efficient delivery system. The shelf life of the developed co-formulation is also essential
for large-scale production to meet standard commercialization. Despite the alginate-based
encapsulation approaches that have been developed and separately applied for both nem-
atodes and bacteria, no study has been conducted on co-encapsulating them into a single
stable and functional plant health product. The lack of a combined formulation is a major
barrier to real-world implementation, as it necessitates redundant applications, increases
input costs, and creates logistical complexity for all farmers. Comparative genomics
showed high sequence similarity between the fit gene cluster in Pseudomonas spp. and the
mcf insecticidal gene in nematode symbiont bacteria, suggesting a high chance for syner-
gistic biocontrol performance. No research has focused on utilizing these shared molecu-
lar features to enhance cooperative pest control or the dual role of bacteria as biofertilizers.

The application of molecular communication research in agricultural sciences is still
limited, despite its extensive use in human health research and nanoscale systems. The
adaptation of molecular communication frameworks to soil ecosystems and biological
compounds remains practically limited and represents a significant gap in both theory
and application. The development of innovative, dynamic co-formulations supported by
biologically validated models to simulate signaling and interaction among biological com-
pounds remains speculative. Therefore, future research could focus on the following as-
pects: (1) Optimizing co-formulation technology, such as alginate-based formulation, to
maintain bioagents’ viability, compatibility, and functionality during storage and until
application. This will ensure efficient delivery of both bioagents into the soil, offering sus-
tained pest control and promoting plant growth over time. (2) Investigating the ecological
and genetic perspectives underlying nematode and bacteria interactions, considering their
insecticidal gene similarities, colonization behavior, and influence on insect hosts and
plant health. (3) Establishing a new frontier in molecular communication modeling tai-
lored to soil biological systems. The systems should go beyond theoretical simulations to
incorporate experimental data from laboratory bioassays and greenhouse and field exper-
iments. Eventually, overcoming these barriers will pave the way for novel plant health
products that reduce the use of chemical pesticides and mineral-based fertilizers, enhance
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agricultural applications, and contribute to sustainable crop production. Figure 4 repre-
sents the development of alginate-based encapsulated EPNs and PGPR for pest control
and promoting plant growth.

) Alginate-based bead.
V& Entomopathogenic

nematodes.
Plant growth-promoting

7 . Plant health
rhizobacteria.

Insect pest

Insect pest
population

Figure 4. Schematic representation of alginate-based beads as a co-delivery system for EPNs and
PGPR for pest control and plant growth promotion. Upon application, the biological agents will be
released at the same time from the alginate formulation into the soil. Thereafter, nematodes will
search for soil insects to infect and kill them. Simultaneously, PGPR colonize plant roots, enhancing
nutrient uptake, stimulating root development, and, in some cases, inducing resistance against bio-
tic and abiotic factors. This multifunctional strategy offers synergistic benefits through nematodes,

providing effective pest control and bacteria supporting plant growth and resilience.

7. Conclusions

The integration of nematodes and bacteria into a single plant health product presents
a novel and promising technology for sustainable crop production. This current review
describes the complementary roles of nematodes and bacteria, where nematodes provide
effective biological control against insect pests, and bacteria enhance plant health through
nutrient mobilization and induced resistance. Although both bioagents have been indi-
vidually applied in agriculture with great success, their combined application remains
under investigation due to challenges in encapsulation compatibility and biological re-
quirements. Advances in alginate-based formulations offer a promising foundation to co-
deliver both organisms, overcoming existing barriers while maintaining their viability
and efficacy. Co-encapsulating nematodes and bacteria into a single product can signifi-
cantly reduce the number of agricultural applications, lower input costs, provide effective
pest control through the nematodes, and enhance plant growth and resilience through the
bacteria, addressing two critical agricultural sustainability needs simultaneously. Addi-
tionally, the genetic similarity between the insecticidal gene clusters of PGPR and the
nematode symbiont bacteria indicates a potential role in enhancing cooperative perfor-
mance and provides new ideas for molecular innovation in pest management. Further-
more, integrating molecular communication systems into biological control research will
provide a unique framework to explore and modulate the interactions between nema-
todes and bacteria. These frameworks will simulate and predict signal transmission and
functional coordination between biological components, paving the way for better opti-
mization of the co-formulations.
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Abbreviations

The following abbreviations are used in this manuscript:

EPN entomopathogenic nematodes

PGPR plant growth-promoting rhizobacteria
IJs infective juveniles

fit fluorescent insecticidal toxin

Mcf makes caterpillars floppy

DAPG 2,4-diacetyl phloroglucinol

FAM Frequently Associated Microbiota

ISR inducing systemic resistance

SAR systemic acquired resistance

uv Ultraviolet

HCN hydrogen cyanide

PCBs polychlorinated biphenyls

CFFLs coherent feed-forward loops

UNSDGs United Nations Sustainable Development Goals
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